The aim of this study was to determine if there were differences between the types of ammonia-oxidizing bacteria of the ␤ subdivision of the class Proteobacteria associated with particulate material and planktonic samples obtained from the northwestern Mediterranean Sea. A nested PCR procedure performed with ammonia oxidizer-selective primers was used to amplify 16S rRNA genes from extracted DNA. The results of partial and full-length sequence analyses of 16S rRNA genes suggested that different groups of ammoniaoxidizing bacteria were associated with the two sample types. The particle-associated sequences were predominantly related to Nitrosomonas eutropha, while the sequences obtained from the planktonic samples were related to a novel marine Nitrosospira group (cluster 1) for which there is no cultured representative yet. A number of oligonucleotide probes specific for different groups of ammonia oxidizers were used to estimate the relative abundance of sequence types in samples of clone libraries. The planktonic libraries contained lower proportions of ammonia oxidizer clones (0 to 26%) than the particulate material libraries (9 to 83%). Samples of the planktonic and particle-associated libraries showed that there were depth-related differences in the ammonia oxidizer populations, with the highest number of positive clones in the particle-associated sample occurring at a depth of 700 m. The greatest difference between planktonic and particle-associated populations occurred at a depth of 400 m, where only 4% of the clones in the planktonic library were identified as Nitrosomonas clones, while 96% of these clones were identified as clones that were related to the marine Nitrosospira species. Conversely, all ammonia oxidizer-positive clones obtained from the particle-associated library were members of the Nitrosomonas group. This is the first indication that Nitrosomonas species and Nitrosospira species may occupy at least two distinct environmental niches in marine environments. The occurrence of these groups in different niches may result from differences in physiological properties and, coupled with the different environmental conditions associated with these niches, may lead to significant differences in the nature and rates of nitrogen cycling in these environments.
Nitrification is carried out by autotrophic ammonia-and nitrite-oxidizing bacteria, which sequentially oxidize ammonia to nitrate. This process is central to the cycling of nitrogen in marine ecosystems, where it is responsible for production of nitrate, the largest inorganic N pool, which frequently limits primary production (7) . Nitrifying bacteria can alleviate eutrophic conditions by competing with phytoplankton for available ammonia (4) , and nitrification is associated with production of greenhouse gases through generation of nitrous oxide by ammonia oxidizers and through provision of nitrate for denitrification (21) . Ammonia oxidation rather than nitrite oxidation usually limits the rate of nitrification, which is greatest immediately below the photic zone, where competition for ammonia by phytoplankton and light inhibition are reduced (19) . Nitrification activity decreases with depth as the levels of organic material decrease, which reduces the supply of ammonia through decomposition of organic nitrogen. Although techniques for performing process studies of nitrification in natural environments are available, investigations of the community structure and species diversity of natural populations have been severely limited by technical difficulties associated with enrichment, purification, and identification of ammonia oxidizers due to their low growth rates and low biomass yields in laboratory cultures and the limited number of distinguishing characteristics.
Our ability to characterize and analyze natural microbial communities has been greatly enhanced by the use of 16S ribosomal DNA (rDNA)-based techniques (6, 9, (11) (12) (13) (31) (32) (33) , which have proved to be particularly appropriate for the study of ammonia-oxidizing bacteria (14, 16, 17, 24, 27-29, 39, 40, 46, 47) . The ammonia oxidizers that have been cultured form two monophyletic groups, one within the ␥ subdivision of the class Proteobacteria (␥-proteobacteria), containing strains of Nitrosococcus oceanus (54) and Nitrosococcus halophila (23) , and the other within the ␤-proteobacteria, containing members of two genera, the genera Nitrosomonas and Nitrosospira (15, 42, 53, 54) . PCR primers specific for the ␤-proteobacterial ammonia oxidizers have been used to amplify 16S rDNA sequences from enrichment cultures and from DNA extracted directly from marine sediments and soils (28, 39, 46) . These studies have demonstrated that there are at least seven sequence clusters within the ␤-proteobacteria, four sequence clusters within the Nitrosospira group and three sequence clusters within the Nitrosomonas group. Phylogenetic analysis of 16S rDNA sequences, denaturing gradient gel electrophoresis (24) , and probing (16, 27, 40) have revealed that 16S rDNA-based techniques can detect environment-associated differences in ammonia oxidizer community structure.
Organic matter-rich particulate material plays an important role in regulation of biogeochemical cycling in marine systems and is produced mainly in the surface layers of the water column at the seasonal thermocline (2, 25) . This material provides an environment that is enriched with nutrients compared to the surrounding water, which leads to greater bacterial concentrations and activity (44, 45) . In addition, several workers (1, 3, 6) have demonstrated that there are differences in the microbial communities associated with planktonic material and particle-associated material, suggesting that there are functional and metabolic differences between the two environments. Increased activity leads to the establishment of nutrient and oxygen concentration gradients within particles, which allow interactions which would not be possible in the water column (52) , but planktonic cells are traditionally considered to be responsible for the majority of the activities measured (22, 36) .
Colonization of particulate material may provide significant benefits to nitrifying bacteria because of a regular supply and higher localized concentrations of ammonia from decomposing organic material. Sedimentation of organic particles may lead to nitrification at greater depths and may provide protection from photoinhibition. High ammonia concentrations are believed to favor growth of Nitrosomonas species, while analysis of DNA from low-ammonia environments has revealed a greater abundance of Nitrosospira species in these environments (16) . In addition, biofilm populations of Nitrosomonas species produce extracellular polymeric material which may enhance aggregate formation (5), as suggested previously for transparent exopolymeric material in large marine snow aggregates (18) . The aim of this study was to test the hypothesis that conditions within particulate material lead to selection for Nitrosomonas spp., while in planktonic populations there may be a greater abundance of Nitrosospira species, which are commonly believed to prefer lower ammonia concentrations. This hypothesis was tested by performing a 16S rDNA sequence analysis of planktonic and particle-associated samples obtained from the Mediterranean Sea.
MATERIALS AND METHODS
Sampling of particle-associated and planktonic cells. Seawater samples (approximately 10 liters) were collected in April 1995 in Niskin bottles from two sites (sites 1 and 2) in the Mediterranean Sea; site 1 (depths, 100 and 400 m) and site 2 (depth, 700 m) were 28 and 5.5 miles, respectively, from the coast of Nice, France (43°25N, 7°52E and 43°39N, 7°27E, respectively). The concentrations of bacteria were determined by epifluorescence microscopy of DAPI (4Ј,6-diamidino-2-phenylindole)-stained material (43, 44) . Nitrite and nitrate concentrations were measured with an Autoanalyser II system (Technicon Instruments Corp., Tarrytown, N.Y.), and chlorophyll a concentrations were measured by fluorometry (55) . Data were obtained as part of the European Commission's Marine Science and Technology Programme 2 (Mediterranean Targeted Project, European Microbiology of Particulate Systems) ( Table 1) . Planktonic cells were obtained by first filtering samples through 0.8-m-pore-size cellulose nitrate filters (diameter, 4.5 cm) to remove debris and particulate material. The resulting filtrate was then passed through 0.45-and 0.2-m-pore-size cellulose nitrate filters, which were frozen immediately at Ϫ70°C prior to extraction of total DNA. Particulate material was obtained by filtering a known volume of seawater (ca. 500 liters) with an in situ pump (Challenger Oceanic) equipped with a 10-cmdiameter, 10-m-pore-size Nuclepore filter. The particulate material was detached by washing the filter with 35 ml of filter-sterilized (pore size, 0.2 m) seawater obtained from the same depth. Aliquots of suspensions were frozen immediately at Ϫ70°C prior to DNA extraction.
Enumeration of particle-associated and planktonic populations. The concentrations of viable ammonia-oxidizing bacterial cells were determined by using the most-probable-number (MPN) method. Samples (1 ml) of suspensions of planktonic and particle-associated cells (prepared as described above) were added to five 25-ml Universal bottles containing 10 ml of mineral salts medium supplemented with 5 g of NH 4 ϩ -N ml Ϫ1 prepared in artificial seawater (51) . Tenfold serial dilutions of each suspension were inoculated into four Universal bottles containing mineral salts medium in order to obtain five replicates consisting of five 10-fold dilutions. The cultures were incubated in the dark at 30°C for 6 months. Growth was assessed on the basis of acid production, as measured by color change, and the appearance of nitrite, as determined by spot tests performed with Griess Ilosvay's reagents I and II (BDH, Poole, United Kingdom).
DNA extraction and purification. DNA was extracted from particle-associated and planktonic samples by using a modification of the method of Somerville et al. (37) . Stored suspensions (500 l) or filters were thawed and incubated on ice for 15 min after 3.6 ml of STE extraction buffer (10 mM Tris, 1 mM EDTA, 100 mM NaCl; pH 8) and 124 l of lysozyme (5 mg ml Ϫ1 ) were added. Then 80 l of a 10% (wt/vol) sodium dodecyl sulfate (SDS) solution was added to each sample, and the samples were incubated on a tube roller for 1 h at room temperature. The samples were then incubated with 100 l of proteinase K (20 mg ml
Ϫ1
) at room temperature for 4 h. The supernatants were decanted into sterile Corex tubes, 1 ml of STE extraction buffer was added to each sample, and the samples were incubated at room temperature for an additional 30 min. The two washes of each sample were pooled, and the protein was precipitated by incubation with 2 ml of 10.5 M sodium acetate at room temperature for 15 min prior to centrifugation at 4°C and 14,500 ϫ g for 10 min. The supernatant was decanted, and the DNA was precipitated by overnight incubation at Ϫ20°C with 11 ml of ice-cold ethanol. The suspension was centrifuged (20 min, 12,000 ϫ g, room temperature), after which the pellet was dried in a vacuum desiccator and resuspended in 300 l of TE buffer (10 M Tris, 1 M EDTA; pH 7). The DNA was concentrated by using a Microcentricon 100 spin dialysis unit (Amicon, Stonehouse, Glos., United Kingdom) and purified further by standard gel electrophoresis through a 1% (wt/vol) agarose gel. The DNA band (Ͼ8 kb) was excised from the gel and subsequently cleaned by using a Spin Bind DNA recovery system (Flowgen Instruments Ltd., Kent, United Kingdom).
PCR amplification. The initial amplification was carried out by using the universal eubacterial primers BF and 1541r, which bind at positions 24 to 42 and 1541 to 1525, respectively, of the Escherichia coli 16S rRNA and amplify a product that is approximately 1.5 kb long (8) . The secondary amplification was carried out by using the internal primers ␤AMOf and ␤AMOr (28), which are selective but not completely specific for ␤-proteobacterial ammonia oxidizers. These primers bind at positions 141 to 161 and 1301 to 1320, respectively, of the E. coli 16S rRNA and amplify an ϳ1.2-kb product. The primers were synthesized commercially (Oswell DNA Service, University of Edinburgh, Edinburgh, United Kingdom).
A nested PCR was performed with both planktonic and particulate samples. The protocol used for PCR amplification with the universal eubacterial primers was as follows: initial denaturation at 95°C for 5 min prior to addition of the Taq polymerase; 30 cycles consisting of 94°C for 40 s, 50°C for 30 s, and 72°C for 2 min; and 72°C for 5 min. The same conditions were used for the primers ␤AMOf and ␤AMOr, but the annealing temperature was increased to 55°C. Five universal eubacterial primer-positive PCR products were pooled in order to minimize the effects of stochastic bias in single reactions (48) and were purified by electrophoresis on a 1% (wt/vol) agarose gel. The PCR bands were excised, and the DNA was purified further with Qiaex resin (Qiagen Ltd., Surrey, United King- b ND, not determined.
dom) and was eluted in a final volume of 20 l, and 1 l was used for amplification with primers ␤AMOf and ␤AMOr. Negative control reaction mixtures containing no template DNA were included in all amplifications. The PCR products were resolved by electrophoresing 5 l of the reaction mixture in a 1% (wt/vol) agarose minigel run in 1ϫ TAE buffer. Cloning and sequencing of rDNA. Five PCR products resulting from amplification with primers ␤AMOf and ␤AMOr were purified as described above, and 20 ng of products was ligated into the pGEM T-vector system (Promega Ltd., Southampton, United Kingdom) and transformed into XL1-Blue MRF Kan supercompetent E. coli cells (Stratagene Inc., Cambridge, United Kingdom). The transformed cells were plated onto agar supplemented with the reporter chemicals X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) and IPTG (isopropyl-␤-D-thiogalactopyranoside) and the antibiotics kanamycin, ampicillin, and methicillin as recommended by the manufacturer (Stratagene Inc.). White colonies were picked and checked for inserts of the correct size by PCR amplification with vector primers T7 and SP6 (Promega Ltd.). The PCR products were purified with a chloroform-isoamyl alcohol (1:1) mixture and then manually sequenced by using a Thermosequenase cycle sequencing kit (Amersham International plc, Little Chalfont, Buckinghamshire, United Kingdom). Partial sequencing of the V1 and V2 regions of the 16S rDNA sequence was performed by using the reverse sequencing primer 537r (8) .
Full-length sequencing of the entire 1.1-kb insert was performed with four clones associated with the particle-associated and planktonic samples. This sequencing was carried out by using vector primers SP6 and T7 (Promega Ltd.) and internal 16S rDNA primers in addition to primer 537r described above. A phylogenetic analysis was carried out by aligning the partial 16S rRNA sequences of the clones with the sequences of ammonia oxidizers and other ␤-proteobacteria available from the Ribosomal Database Project (26) . All data manipulations were performed with Genetic Data Environment software, version 2.2, distributed by the Ribosomal Database Project. The partial alignments comprised 250 bases corresponding to E. coli positions 122 to 372. The full-length sequences comprised 1,114 bases corresponding to E. coli positions 162 to 1276. Phylogenetic trees were generated by using the Jukes-Cantor (20) correction and neighbor joining (34) performed with PHYLIP software (version 3.1) (10). Most of the sequences were deposited in the GenBank database; the only exception was the sequence of clone 400 FREE (Z6), which was found to be chimeric after the full-length sequence analysis.
Colony hybridization and probing. Library clones were checked for inserts of the correct size by PCR by using vector primers SP6 and T7 (see above). Dot blots were prepared by denaturing 4 l of PCR product at 95°C with an equal volume of 20ϫ SSC (1ϫ SSC is 0.15 M sodium citrate plus 0.015 M sodium chloride). The product was spotted onto Hybond N ϩ nylon membrane paper (Amersham International plc), and the DNA was denatured, neutralized, and fixed with 0.4 M NaOH as recommended by the manufacturer. For each of the six libraries examined, 90 clones were spotted onto a membrane along with six controls representing members of the Nitrosomonas and Nitrosospira clusters. Probes ␤-AO233, Nsp436, and Nmo254 were used; these probes recognize all ␤-proteobacterial ammonia oxidizer sequences, all Nitrosospira sequences, and all Nitrosomonas sequences, respectively ( ; Amersham International plc) in a 10-l (final volume) reaction mixture.
Prehybridization of the membranes in Quickhyb solution (Stratagene Inc.) was carried out at 42°C for 30 min before the radiolabelled probe was added. Hybridization was carried out for 4 h or overnight in a Hybaid hybridization oven. Unbound probe was removed by washing with 2ϫ SSC-0.1% SDS (Sigma, Poole, Dorset, United Kingdom) for 10 min at room temperature and then with 0.1ϫ SSC-0.1% SDS at 42°C for 30 min. The membranes were exposed to X-ray film overnight. Before being reprobed, the membranes were stripped by washing them twice in a large volume of boiling 0.1ϫ SSC-0.1% SDS. The membranes were checked for complete removal of bound probe by ensuring that radioactive counts had returned to background levels. The membranes were rinsed in distilled water, air dried, and stored at 4°C until they were reprobed. Samples of clones that hybridized to each of the probes used were partially sequenced as described above to confirm the identities based on probing data.
Nucleotide sequence accession numbers. The nucleotide sequences determined in this study were deposited in the GenBank database under accession numbers AF063619 to AFO63638.
RESULTS
DNA extraction and purity. The DNA yield was low due to the low concentration of bacterial cells (1 ϫ 10 8 to 2.2 ϫ 10 8 cells per liter of unfiltered seawater) ( Table 1) . Particulate material and planktonic samples produced ca. 20 ng of DNA per liter of seawater when they were filtered through 10-and 0.2-m-pore-size filters, respectively, as estimated by comparing band intensities on ethidium bromide-stained agarose gels with lambda mass ladder standards (Promega Ltd.). Enumeration of ammonia-oxidizing bacteria. No growth of ammonia-oxidizing bacteria was detected in any of the cell suspensions used for MPN counts for particle-associated or planktonic samples after incubation for 6 months. The viable cell concentrations, as assessed by this method, were therefore below the level of detection, which was 10 3 cells liter
Ϫ1
. Phylogenetic analysis. PCR amplification performed with primers ␤AMOf and ␤AMOr alone did not yield detectable products, perhaps because of the low DNA yields and low ammonia oxidizer cell concentrations. Nested PCR amplification performed with eubacterial primers and then with primers ␤AMOf and ␤AMOr did, however, yield amplification products of the expected size. We obtained partial sequences comprising 252 bases of the 5Ј region of these products for 6 to 10 clones belonging to each of the six clone libraries obtained from particle-associated samples (AGG clones) and planktonic samples (FREE clones) from each of three depths (100, 400, and 700 m).
Site 1, 100-m depth. Most clones (18 of the 20 clones from both planktonic and particle-associated libraries) obtained from a depth of 100 m at site 1 did not belong to the ammonia oxidizer clade and were more closely related to other members of the ␤-proteobacteria, particularly Comamonas testosteroni, Methylococcus capsulatum, and Thiobacillus thioparus (data not shown). This may reflect the low numbers and low relative abundance of ammonia-oxidizing ␤-proteobacteria, as indicated by MPN counts. Two of the 10 clones from the particleassociated clone library [clones 100 AGG (X34) and 100 AGG (X42)] fell in the ammonia oxidizer clade, clustering with Nitrosomonas eutropha (Fig. 1) . None of the 10 clones from the planktonic clone library (100 FREE clones) grouped with the ammonia oxidizers.
Site 1, 400-m depth. The sequences of all 10 clones obtained from the particle-associated clone library derived from site 1 at a depth of 400 m (400 AGG clones) fell in the ␤-proteobacterial ammonia oxidizer clade (Fig. 1) , which suggested that the relative abundance of these organisms was greater at 400 m than at 100 m. Nine of the 10 clones clustered with N. eutropha and formed a tight cluster. Partial sequences of five of these clones [clones 400 AGG (7), 400 AGG (69), 400 AGG (A64), 400 AGG (66), and 400 AGG (55)] were identical over a 260-base region. A single clone [clone 400 AGG (D3)] from the library obtained from the particle-associated 400-m-depth samples clustered with Nitrosospira cluster 1 sequences (Fig.  1) . Four of the 10 clones from the planktonic samples obtained at a depth of 400 m (400 FREE clones) clustered with Nitrosospira cluster 1 [clones 400 FREE (Z14), 400 FREE (Z3), 400 FREE (Z6), and 400 FREE (Z5)] (Fig. 1) , and the sequences of two of these clones [clones 400 FREE (Z3) and 400 FREE (Z6)] were identical. The remaining six clones grouped with non-ammonia-oxidizing ␤-proteobacteria. Site 2, 700-m depth. Five of the six clones obtained from the particle-associated clone library derived from site 2 at a depth of 700 m (700 AGG clones) clustered with N. eutropha, and two of these clones [clones 700 AGG(Q4) and 700 AGG(Q22)] were identical for the stretch of sequence compared. None of the six clones obtained from the planktonic library (700 FREE clones) clustered with the ammonia oxidizers; these clones were closely related to Thiobacillus thioparus, Azoarcus indigens, and Alcaligenes eutrophus.
Full-length sequence analysis. A full-length sequence analysis of six clones from the planktonic library (two 400 FREE clones) and the particle-associated library (two 100 AGG clones and two 400 AGG clones) confirmed that these clones were closely related to Nitrosospira cluster 1 and N. eutropha, respectively (Fig. 2) . Clone sequences obtained from 100-and 400-m samples formed a unique cluster within Nitrosomonas cluster 7 in 89% of the bootstrap replicates; the closest cultured relative was N. eutropha. Clones 400 FREE (Z14) and 400 AGG (D3) were closely related to cloned Nitrosospira cluster 1 sequences obtained from direct DNA extraction of sediment samples from the west coast of Scotland (85 and 94% of bootstrap replicates, respectively). Clone 400 FREE (Z6) was probably chimeric; the 5Ј end of the sequence exhibited similarity to Coxiella burnetti, and the 3Ј related end exhibited similarity to Nitrosospira cluster 1 clone sequences.
Colony hybridization. Colony hybridization with ammonia oxidizer-specific oligonucleotide probes allowed us to more rapidly analyze a large number of clones from each of the libraries obtained from particle-associated and planktonic populations. Of the 87 clones obtained from the particle-associated library derived from site 2 at a depth of 700 m, 72 (83%) hybridized with the ␤-AO233 probe, which was designed to a The results were corrected for clones which gave unexpected probe profiles and which after sequence analysis proved to be closely related to non-ammoniaoxidizing species. The values for Nsp436 and Nmo254 were calculated as percentages of the number of ␤-AO233-positive clones.
FIG. 1. Phylogenetic tree showing the positions, within the ␤-proteobacterial
ammonia oxidizers, of partial sequences obtained from DNA extracted from planktonic samples and particulate material obtained from site 1 at depths of 100 and 400 m and from site 2 at a depth of 700 m. Clones were obtained by using primers designed to amplify sequences from the ␤-proteobacterial ammonia oxidizers (27) . The tree was generated by using a 252-bp region of the 5Ј region of the 16S rDNA and neighbor joining (34) with the Jukes-Cantor (20) correction in ARB. The cluster designations are the cluster designations described by Stephen et al. (39, 40) . Asterisks indicate clones whose full-length sequences were used to construct the tree shown in Fig. 2 . Environmental clones whose designations begin with Env and pH were obtained from the ammonia oxidizer database of Stephen et al. (39) . Clone pH4.2A/23 is a representative of cluster 6a. The other members of cluster 6 are cluster 6b organisms (40) . Scale bar ϭ 0.1 estimated change per nucleotide position. detect all ␤-proteobacterial ammonia oxidizers (Table 3 and Fig. 3A ). This suggests that the relative abundance of ammonia oxidizer sequences was higher in this library than in the planktonic library derived from this depth, since only 6 (7%) of the planktonic clones hybridized with ␤-AO233. Fewer clones in the libraries obtained from shallower depths (400 and 100 m), hybridized with ␤-AO233; only 15 (17%), 23 (26%), and 8 (9%) of the 400 AGG, 400 FREE, and 100 AGG clones hybridized, and none of the 100 FREE clones hybridized. These results supported evidence obtained from the sequence analysis which showed that there were differences between particleassociated and planktonic populations and differences with depth in the water column.
␤-AO233-positive clones were also hybridized with probes specific for Nitrosomonas clusters 5 to 7 (probe Nmo254) and Nitrosospira clusters 1 to 4 (probe Nsp436) (Fig. 3B and C) . A total of 69 (96%) of the ␤-AO233-positive clones from libraries derived from particle-associated samples obtained at a depth of 700 m hybridized with probe Nmo254, indicating that these libraries were dominated by Nitrosomonas species, while only 3 (4%) hybridized with the Nsp436 probe. Similarly, only one (17%) of the clones from the planktonic clone library obtained at 700 m hybridized with Nsp436, while five clones (83%) hybridized with Nmo254. This result demonstrates the benefits associated with probing, which allows screening of a larger number of clones, as no ammonia oxidizer sequences were detected in the original sequence data. The hybridization results obtained with Nmo254 were fainter than the hybridization results obtained with the ␤-AO233 and Nsp436 probes. This was probably due to a mismatch in Nmo254, which was revised (40) in order to take account of new sequence information. However, the mismatch did not affect the ability of the probe to differentiate between Nitrosomonas-like and Nitrosospira-like sequences, as Nmo254 did not hybridize with any Nitrosospira sequence.
In contrast to the findings obtained with the 700-m samples, 22 (96%) of the ␤-AO233-positive clones obtained from planktonic site 1 samples from a depth of 400 m hybridized with Nsp436, while only one (4%) hybridized with Nmo254, suggesting that this library was dominated by Nitrosospira-like sequences. None of the 90 clones from the particle-associated library obtained at 400 m hybridized with Nsp436, but they all hybridized with Nmo254, which supported the findings of the sequence analysis. All eight ␤-AO233-positive clones from the particle-associated clone library obtained at 100 m hybridized with Nmo254, suggesting that this library was dominated by Nitrosomonas-like sequences. No ␤-AO233-positive clones were among the 90 clones selected for probe analysis from the planktonic library obtained at this site.
Identification of some of the clones was complicated by hybridization patterns which were not characteristic of ␤-proteobacterial ammonia oxidizers. This was due to the use of the primers of McCaig et al. (28) , which are not completely specific. For example, Fig. 3 shows the autoradiographs produced when we probed clones from the 700-m particle-associated library with probes ␤-AO233, Nmo254, and Nsp436. Some clones hybridized with Nmo254 but not with ␤-AO233 (Fig. 3 , reactions A5 and D10), some hybridized with ␤-AO233 but not with Nmo254 or Nsp436 (Fig. 3, reactions A1 , B9, and D7), and some hybridized with all three probes. Unexpected hybridization profiles were more evident in planktonic libraries, in which there was a higher incidence of clones which hybridized with Nmo254 or Nsp436 but not with ␤-AO233, which was designed to detect all ammonia oxidizers. Partial sequencing was carried out with representatives of such clones and of clones that produced expected hybridization patterns to check the fidelity of the probes. Clones that produced unexpected hybridization patterns were closely related to non-ammoniaoxidizing species belonging to the ␤-proteobacteria (for example, M. capsulatum, C. testosteroni, and Oxaligenese formigenes) (data not shown). Clones that hybridized with the ␤-AO233 and Nmo254 probes were closely related to N. eutropha (cluster 7), and clones that hybridized with ␤-AO233 and Nsp436 grouped with Nitrosospira cluster 1. The results presented above and in Table 3 were adjusted for clones that produced non-ammonia-oxidizer hybridization profiles. 
DISCUSSION
In this study we compared the community structures of particle-associated and planktonic populations of ammonia-oxidizing bacteria by performing PCR amplification of rDNA genes with primers selective for ␤-proteobacterial ammonia oxidizers, followed by cloning, sequence analysis, and colony hybridization with specific probes. PCR amplification of ammonia oxidizer sequences required the use of a nested PCR performed with primers ␤AMOf and ␤AMOr after initial amplification with eubacterial primers. Similar strategies have been necessary in other studies of aquatic systems (16, 47) , and the requirement for such strategies may reflect the low in situ concentrations of ammonia oxidizers. This contrasts with studies performed with sediments, soil, and seawater enrichment cultures (28, 39) , in which the concentrations and relative abundance of ammonia oxidizers are likely to be greater. PCR amplification and sequence analysis provided evidence that ammonia oxidizers were present, even though the MPN counts and nitrification rates were below the levels of detection. This indicates the sensitivity of PCR amplification for detection and the lack of suitable laboratory media and incubation conditions for viable cell enumeration of natural populations.
Although the bacterial cell concentrations determined by DAPI staining and epifluorescence microscopy were similar at the 100-and 400-m depths at site 1, fewer ammonia oxidizer sequences were detected in the library obtained at 100 m. This may have been due to photoinhibition, although any analysis of sequence abundance data must consider possible biases associated with cell extraction, cell lysis, and PCR amplification. In addition, the nested PCR protocol, which was necessary in this study, may increase the probability of PCR bias, although such bias was minimized by using the same extraction procedures and cloning techniques for all samples and by analyzing pooled replicate PCR products.
The PCR primers used in this study were deliberately designed with a degree of degeneracy to reduce the risk of missing closely related sequences of previously uncharacterized ammonia oxidizers. This led, particularly in planktonic samples, to amplification of sequences of non-ammonia oxidizers similar to the sequences found in other studies (39) . The ammonia oxidizer sequences fell into the groups defined by Stephen et al. (39) , and the planktonic population at 400 m was dominated by marine Nitrosospira cluster 1, which was first detected by Stephen et al. (39) in sediments beneath Atlantic salmon cages on the west coast of Scotland. This group is phylogenetically distinct from the cultured representatives of the Nitrosospira group, all of which were isolated from terrestrial environments. No cultured representative of Nitrosospira cluster 1 has been obtained, which has prevented reliable assessment of the physiological properties of this cluster and of its environmental significance, but this study provides further evidence that it is present in marine environments. Sequences typical of terrestrial Nitrosospira ammonia oxidizers were not found in either planktonic or particle-associated samples.
Particle-associated samples were dominated by sequences related to the sequence of N. eutropha, which is reportedly favored by saline environments (38) . This contrasts with the results of other studies of marine sediments and enrichment cultures, in which clone libraries were dominated by sequences of Nitrosospira species and Nitrosomonas strains that were not specifically related to N. eutropha (27, 39) . The sequences at sites 1 and 2 were similar despite the fact that the sites were separated by 28 miles, although the site 1 sequences form a separate group within cluster 7 (bootstrap value, 54%). Differences at the depths examined are not likely to be due to terrestrial or freshwater input and may result from the Lignau Provencal current, which occurs at depths of approximately 400 to 600 m and introduces warmer and more saline water. Restriction fragment length polymorphism analysis of planktonic and particle-associated populations in the Mediterranean Sea has also revealed depth-associated differences in community structure and has indicated that the diversity within planktonic populations is greater than the diversity within particleassociated populations (1) .
The principal aim of this study was to determine whether planktonic and particle-associated populations were dominated by Nitrosospira-like organisms and Nitrosomonas-like organisms, respectively. Only one Nitrosospira-like sequence was found in clones obtained from particulate material, and no planktonic clones contained Nitrosomonas-like sequences. Our analysis of clones by the colony hybridization method supported these findings; the majority of the particle-associated clones hybridized with Nmo254, and the planktonic clones hybridized with Nsp436. This difference may result from higher ammonia concentrations in the particulate material, which are due to decomposition of organic material. Hovanec and DeLong (17), using 16S rRNA probes, also found that Nitrosomonas spp. are responsible for nitrification in filters of marine aquaria containing high amounts of organic material. Other factors may also have led to selection, including production of extracellular polymeric material, photoinhibition, and an ability to compete for ammonia. The last two factors should be most significant in surface waters, which may explain the lack of planktonic ammonia oxidizers at 100 m. Ammonia oxidizers were, however, detected in particulate material at this depth, providing the potential for nitrification in the photic zone and explaining the imbalance in nitrate production (4) . Methodological factors may also have influenced the results. Planktonic cells may have been trapped within membrane filters, and differences in size between Nitrosomonas and Nitrosospira cells may have affected differential filtration, although this would have led to detection of greater relative abundance of Nitrosospira sequences in aggregate material. Other workers have observed differences in species composition in particulate and planktonic environments (1, 3, 6, 30) , although these differences could not be related to differences in physiological properties. Immunofluorescence detection performed with antisera against laboratory pure cultures of members of two genera, the genera Nitrosococcus and Nitrosomonas, indicated that Nitrosomonas cells are generally more abundant in seawater, but the relative importance of these organisms and uncultured organisms is not known (49, 50) . The high incidence of ␥-proteobacteria in studies of the community diversity of water column systems (6, 12, 32, 35, 41, and 52) suggests that more research is needed in order to assess the importance of ␥-proteobacterial ammonia oxidizers, which have been cultured only from marine environments but appear to be rare.
In conclusion, this study demonstrated that particle-associated and planktonic material may be dominated by two phylogenetically distinct populations of ␤-proteobacterial ammonia-oxidizers and that the differences observed may be related to the different physiological characteristics of cultured representatives of these groups. The lack of detailed physiological studies means that the environmental significance of these differences cannot be assessed in detail, but the data available suggest that nitrification in particulate material may result from activities of organisms that are distinct from the members of the planktonic population.
